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Thalassiosira pseudonanaAs an important component of marine phytoplankton, diatoms must be able to cope with large changes in
illumination on a daily basis. They have an active xanthophyll cycle and non-photochemical quenching
(NPQ), but no homolog has been detected for the gene encoding the PsbS protein required for NPQ in plants.
However, diatoms do have a branch of the light-harvesting complex superfamily, the Lhcx clade, which is
most closely related to the LI818 (LhcSR) genes of the green alga Chlamydomonas, known to be upregulated in
response to a variety of stresses. When cultures of the diatom T. pseudonana grown under low light (40 µmol
photons m−2 s−1) were exposed to high light stress (HL, 700 µmol photons m−2 s−1), transcripts of three of
these genes (Lhcx1, Lhcx4, Lhcx6) were transiently accumulated. The amount of Lhcx6 protein was low under
low light, but increased continuously during 10 h of HL exposure, then slowly dropped to background levels
in the dark. However, HL had little effect on the Lhcx1 protein, which was present under low light and only
doubled after HL exposure. Diatoxanthin levels increased throughout the HL period with no change in
diadinoxanthin. The fraction of NPQ attributable to photoinhibitory quenching (qI) also increased
throughout the HL exposure. Taken together, the Lhcx6 protein could be associated with diatoxanthin
binding and play a direct role in excess energy dissipation via sustained quenching during acclimation to
prolonged HL stress, while the Lhcx1 protein may play a more structural role in thylakoid membrane
organization under all conditions.in; DPS, de-epoxidation state;
complex; LL, low light; NPQ,
on ﬂux density; PS, photosys-
itory quenching; RC, reaction
phyll cycle; ΦPSII, operational
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All photosynthetic organisms have to balance the efﬁcient acquisition
of light energy (light-harvesting) with protection from the damaging
effects of light (photoprotection). In chloroplasts of plants and algae, non-
photochemical ﬂuorescence quenching (NPQ) is an important photo-
protective mechanism, safely dissipating excess energy as heat. This
process has been well studied in several plants [1–3]. In green plants it
involves transfer of excitation energy from Chl a to the xanthophyll
carotenoid zeaxanthin, which is associated with various members of the
light-harvesting complex (LHC) superfamily [4–6]. In addition, the PsbS
protein, a unique member of the LHC superfamily that does not
participate in light-harvesting, plays an essential role in the major
component of NPQ (qE), probably by acting as a lumenal pH sensor [3,7].A number of studies have shown that diatoms possess a capacity for
thermal energy dissipation comparable to that of plants [8–11]. NPQ is
tightly associated with a single-step xanthophyll cycle, which converts
diadinoxanthin (Ddx) to diatoxanthin (Dtx) under high light and Dtx
back to Ddx in darkness or under limited light [9,11]. The accumulation
of Dtx is required for the development of NPQ [12,13]. In addition, the
light-driven ΔpH across the thylakoid lumen is essential for NPQ
formation [14,15]. However, there is nothing resembling a PsbS
homolog in the two ﬁnished diatom genomes: those of Thalassiosira
pseudonana [16] and Phaeodactylum tricornutum [17,18]. This is
somewhat surprising, since diatoms in nature have to cope with large
ﬂuctuations in irradiance and exposures to high light that range from
minutes to hours [19,20].
Diatoms do possess a large number of genes for the light-harvesting
members of the LHC superfamily, the fucoxanthin Chl a/c proteins
(FCPs) [21]. Phylogenetic analysis has shown that the FCPs fall into three
clades: those that group with the most commonly cloned FCPs of all
algae with Chl c (“standard” group), those that groupwith the red algal
Chl a antennas associatedwith PS I, and those that groupwith the green
algal LI818 genes [22,23]. However, none of these clades can be
consideredhomologs of thephotosystem(PS) I or PSII-speciﬁc antennas
of higher plants, since the diversiﬁcation of the Chl a/b antennas
occurred after the divergence of the green algal/green plant lineage
from the lineage leading to the algaewith Chl a/c antennas [24]. There is
Table 1
The PCR primers of several genes used for qRT-PCR and their PCR product sizes.
Target gene Amplicon length of cDNA
(bp)
Forward (F) and reverse (R) Primer
Sequences
Lhcx1 186 F: 5'-TTCAAGCTCGCCCTCCTCT-3'
R: 5'-GTAACGCTTCAAGGTCTTCTC-3'
Lhcx4 125 F: 5'-AGCTTACTGAGGTGCCTGGA-3'
R: 5'-CTCACGGAGCTCGAAAAGAC-3'
Lhcx5 119 F: 5'-GCCGTCTCTCCCTTCTTCTT-3'
R: 5'-TCGTTCAAGTCCTGGAAACC-3'
Lhcx6 139 F: 5'-GGATGGACACCCAATGAAAC-3'
R: 5'-TGACTTCTGCCTCACGATTG-3'
Lhcf2 119 F: 5'-GTTGGATTCCTTGAGCTTGC-3'
R: 5'-AGCTTGGTCTCCTCATCGAA-3'
Lhcf4 153 F: 5'-GTGCTGGTGTTCACCTTCCT-3'
R: 5'-CGAAAAGCTCAAGGAATCCA-3'
Lhcf5 151 F: 5'-GTATTTGCCAGCTTGCCTTC-3'
R: 5'-ATCTGAAGGGCTCCATCCTT-3'
Actin 156 F: 5'-GATATCGCTGCCCTTGTCAT-3'
R: 5'-TCCGACGTAAGCGTCTCTTT-3'
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with fucoxanthin Chl a/c antennas [25] and only recently has evidence
for speciﬁc association of a particular FCP with PS I been obtained [26].
LI818 genes were originally discovered in the green alga Chlamydo-
monas [27,28]. Homologs are present in all green algae so far examined
but are not found in higher plants. Several recent studies have shown that
the LI818 genes (annotated as LhcSR) in C. reinhardtii are highly
upregulated under high light stress [29,30], sulfur starvation [31],
phosphorus deprivation [32] and iron deﬁciency [33]. Taken together,
the evidence shows that LhcSR genes in C. reinhardtii are stress response
genes. A recent publication shows that the LhcSR3 protein is correlated
with development of NPQ and plays a role in photoprotection [34]. This is
particularly interesting because the rather divergent PsbS homolog in the
C. reinhardtii genome is transcribed but not accumulated, and probably
does not play any role in NPQ [35].
Three LI818 homologs (fcp6, fcp7 and fcp12) were ﬁrst identiﬁed in
the diatom Cyclotella cryptica [36,37]. In contrast to the expression
proﬁles of the typical FCP genes, the fcp6, fcp7 and fcp12 transcript
levels are higher in cells acclimated to growth under high light (HL)
relative to low light (LL) [38]. Moreover, immunoblotting showed that
the level of Fcp6 protein is increased under HL compared to LL growth
conditions. These results suggested that LI818-like proteins may be
involved in photoprotection in diatoms [38,39].
Five LI818-likegenes (Lhcx)were found in thegenomeofT. pseudonana
through phylogenetic analysis and annotated as Lhcx1, Lhcx2, Lhcx4, Lhcx5
and Lhcx6 [16]. Couldoneormoreof theﬁve Lhcxgenesbe taking theplace
of PsbS in photoprotection? Since diatoms in the ocean have to copewith
increases in irradiance on a daily time-scale that may not allow for
acclimation to high light, we used cultures that were grown under low
light conditions and examined the expression proﬁles of Lhcx genes and
proteins for up to10 hafter transfer tohigh light conditions. Inparallel,we
studied the kinetics of NPQ formation and changes in the xanthophyll
cycle activityondifferent timescales after thehigh light shift. Finally, these
photophysiological results were comparedwith the expression pattern of
genes and proteins to gain some insights into the relationship among
them.
2. Materials and methods
2.1. Culture conditions and high light treatment
An axenic culture of T. pseudonana (CCMP1335) was obtained from
the Provasoli-Guillard National Center for Culture of Marine Phyto-
plankton. Cultures were grown in ESAW medium [40] at 18 °C under
white ﬂuorescent lights (40 µmol photons m−2 s−1) with 12 h:12 h
dark-light cycle. Cellswere harvested in early exponential phase. For the
high light (HL) shift experiments, a culturegrownunder low light (LL) at
40 µmol photons m−2 s−1 was divided into two parts. One part was
transferred to 700 µmol photons m−2 s−1 (HL) at L0 (the beginning of
the light phase), and the other part was kept under LL. The high light
provided by two attached PHILIPS 100-W halogen lamps was ﬁltered
through a coolingwater unit between the lamps and the cell suspension
to get rid of excess heat. Cells were placed in a ﬂattened glass bottle and
stirred gently to ensureuniformexposure. The irradiancewasmeasured
using a spherical sensor (model QSL-100; Biospherical Instruments Inc.,
San Diego, CA, USA).
2.2. RNA extraction and qRT-PCR
Total RNA was isolated with a RNAqueous™ kit (Ambion, Austin,
TX, USA) followed by DNase treatment for 1 h at 37 °C using TURBO-
DNA-free kit (Ambion). Puriﬁed total RNA (400 ng–1 g) was reverse
transcribed into cDNA using Superscript II (Invitrogen, Carlsbad, CA,
USA). For quantitative real time-PCR (qRT-PCR), gene-speciﬁc primers
were designed to give products of about 150 bp (Table 1). RNA levels
are expressed relative to that of the actin gene (reference gene). AniQ™ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA) was used for
qRT-PCR. The PCR ampliﬁcation proﬁle was 95 °C for 3 min followed
by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s
(MiniOpticon™, Bio-Rad). Genomic sequences and chromosome
locations were obtained from http://genome.jgi-psf.org/Thaps3/
Thaps3.home.html.
2.3. Protein extraction, SDS-PAGE and immunoblotting
For total cell protein, approximately 108 cells were harvested and
extracted in 500 µL of lysis solution [0.2 MNa2CO3, 2% (w/v) SDS, 5 mM
aminocaproic acid and 1 mM benzamidine-HCl, pH 10]. The mixture
was brieﬂy vortexed, incubated at 60 µC for 20 min, and centrifuged at
14,000g for 5 min to remove cell debris. The protein concentration was
determined with a BCA Protein Assay kit (Pierce, Rockford, IL, USA).
Protein extraction supernatant was mixed with an equal volume of
sample buffer [125 mM Tris–HCl, pH6.8; 15% (v/v) glycerol; 4% (w/v)
SDS; 0.05% (w/v) bromophenol blue with 0.1 M dithiothreitol] and
heated at 80 °C for 20 min to denature the proteins. Samples were
loaded on an equal protein basis onto a 15% SDS-polyacrylamide gel and
separated using a mini-gel system (Bio-Rad). Proteins were electro-
transferred onto nitrocellulose membranes (Bio-Rad) for immunode-
tection and probed with different primary antibodies. The blots were
then incubated in peroxidase-conjugated goat anti rabbit IgG (H+L)
secondary antibody (Bio-Rad) and the chemiluminescence signal was
detected with ECL™western blotting detection system (GE Healthcare,
Little Chalfont, Buckinghamshire, England). The intensities of protein
bands on the ﬁlm were scanned and quantiﬁed by Image J software
(http://rsb.info.nih.gov/nih-image/).
The Cc-Fcp6 antibody (1:15,000 dilution) was kindly provided by
Dr. E. Rhiel (Carl von Ossietzky University of Oldenburg, Germany);
The Lhcx6 antibody (1:500 dilution) was raised against a C-terminal
peptide by Agrisera AB (Vännäs, Sweden); The Ha-Fcp antibody
(1:5,000 dilution) was raised against a puriﬁed 19 kDa FCP protein of
Heterosigma akashiwo in our lab; D1 antibody (1:20,000 dilution) was
purchased from Agrisera AB.
2.4. Chlorophyll ﬂuorescence measurements
VariableChlﬂuorescencewasmeasuredusing aPAM101ﬂuorometer
(Walz, Effeltrich, Germany). Prior to each ﬂuorescence measurement,
samples were dark adapted for 30 min and a fresh 2 mL sample was
used for eachmeasurement (done in triplicate).Apulseof saturating light
(2000 µmol photon m−2 s−1 for 700 ms) was applied to determine the
maximum ﬂuorescence (Fm). Once steady state ﬂuorescence was
Fig. 1. Thermal energy dissipation (NPQ) and operational PSII quantum yield (ΦPSII) as a
function of light intensity after a 5 min illumination period. T. pseudonana cells were
grown under LL (40 µmol m−2 s−1), dark-adapted for 30 min and exposed to different
light intensities in the PAM ﬂuorometer. Each point is the average of 3 separate
determinations with fresh samples.
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maximal ﬂuorescence under actinic light (Fm'). After the actinic lightwas
turned off, the dark relaxation of ﬂuorescence (Fmr) was measured by
applying a saturating pulse every 60 s.
For short-term NPQ development (within 1 h HL), experiments were
done directly in the PAMﬂuorometer and excess irradiancewas provided
by the actinic light source. For the longer-termHL stress experiments (up
to 10 h), the high light treatment (700 µmol photons m−2 s−1) was
applied as explained in the ﬁrst section and samples were dark adapted
for 30 min before the PAMmeasurement. Pre-stress Fm was used for the
NPQ, qEandqI calculation. ThemaximumPSII efﬁciencywas expressedas
Fv/Fm=(Fm−F0)/Fm, and the PSII operating efﬁciency as ΦPSII=
(Fm'−Fs)/Fm' [41]. The NPQ coefﬁcient was calculated using the Stern–
Volmer equation, NPQ=(Fm−Fm')/Fm' [42]. The energy dependent
quenching was calculated as qE=Fm/Fm'−Fm/Fmr, and the photoinhi-
bitory quenching as qI=Fm/Fmr−1. Fmr represents maximum ﬂuores-
cence measured after relaxation in darkness [43].
2.5. Pigment analysis
Duplicate aliquots (15 mL) of algal cultures were harvested at each
sampling point by ﬁltering onto 25 mm GF/F ﬁlters (Whatman,
Maidstone, Kent, England), frozen in liquid nitrogen, and stored at
−80 °C. Pigments were extracted from the ﬁlters into 4 ml of 90%
acetone using a vortex mixer followed by sonication for 5 min.
Extracts were ﬁltered through a 0.2 µm PTFE ﬁlter to remove cell
debris, and analyzed by HPLC using a reversed-phase C8 column and a
gradient elution buffer [44] on an Alliance 2695 HPLC system (Waters,
Milford, MA, USA). Eluent A was a mixture of methanol: acetonitrile:
aqueous pyridine solution (0.25 M pyridine) (50:25:25 v:v:v) while
eluent B was methanol: acetonitrile: acetone (20:60:20 v:v:v). For
quantiﬁcation, calibration curves using the same HPLC system were
obtained using pure Chl a, Chl c, fucoxanthin, diadinoxanthin and
diatoxanthin purchased from DHI Water and Environment
(Hørsholm, Denmark). De-epoxidation state (DPS) was calculated as
Dtx/(Ddx+Dtx). ΣXC represents the total xanthophyll cycle pool
including diadinoxanthin and diatoxanthin.
3. Results
3.1. NPQ and operational PSII efﬁciency in response to increasing photon
ﬂux densities (PFD)
In order to determine the light dependency of the thermal dissipation
process, low light grown cultures (LL, 40 µmol photons m−2 s−1) were
exposed for a 5-min period to different light intensities in the PAM
ﬂuorometer. NPQ was negligible with light intensities up to 110 µmol
photons m−2 s−1 (over two-fold higher than the growth light intensity)
but increased with increasing light intensities above that (Fig. 1).
Conversely, ΦPSII decreased even at 110 μmol photons m−2 s−1, but did
not drop much further at intensities above 300 μmol photons m−2 s−1.
These results showed thatHL at 700 μmolphotonsm−2 s−1,whichwill be
used to test the response of the Lhcx genes and proteins, is high enough to
induce a signiﬁcant high light stress response.
3.2. Effects of prolonged high light stress on expression of Lhcx genes
To test whether the ﬁve Lhcx genes in T. pseudonana are up-
regulated by high light, LL cultures were exposed to high light (HL,
700 μmol photons m−2 s−1) and the transcript levels were determined
by quantitative real time RT-PCR (qRT-RCR). Due to the high identity
(99%) of Lhcx1 and Lhcx2 genes, the transcripts of these twogenes could
not be distinguished and are reported as Lhcx1. Experimentswere done
on two different time scales.
In the longer time scale experiments, cells were exposed to HL for
1, 3 and 6 h and compared to cells maintained at their growth lightintensity. For each gene, the lowest expression was set to 1. After 1 h
of exposure to HL, Lhcx1 was upregulated 3-fold compared to LL
(40 μmol photons m−2 s−1), Lhcx4 increased around 12-fold, and
Lhcx6 increased 10-fold (Fig. 2A), indicating that they are all high light
inducible genes but vary in the increased amplitudes of their
transcripts upon HL shift. In contrast, Lhcx5 did not change
signiﬁcantly. With longer exposure to HL, the high levels of Lhcx1,
Lhcx4 and Lhcx6 transcripts were not maintained but dropped
signiﬁcantly after 3 h and were almost back to LL levels after 6 h HL.
The transcript levels of standard light harvesting genes (Lhcf2/
Lhcf4/Lhcf5), which were used as controls, increased over the 6 h time
course when cells were maintained at their growth light intensity, but
were markedly depressed under HL stress (Fig. 2B). A diurnal increase
in expression under normal conditions is typical of most light-
harvesting genes, such as the standard fcp (Chl a/c) genes of C.
cryptica [38,45] and the Chl a/b genes of green plants [28,46,47].
3.3. Effects of short-term high light stress on expression of Lhcx genes
Because transcripts of three of the four Lhcx genes were at a
maximum after the shortest period of HL stress in the Fig. 2 experiment,
their response to short periods of HL was investigated (Fig. 3). The
transcript levels of Lhcx1, Lhcx4 and Lhcx6were low at 0 min (end of the
darkperiod), but increaseddramatically after transfer toHL and reached
a peak at 15 min. Lhcx6 showed the greatest increase in expression, but
dropped rapidly in the next 15 min and was at its lowest level after
60 min (Fig. 3). Lhcx4 also increased substantially but remainedelevated
after 60 min, explaining its higher expression relative to Lhcx6 in Fig. 2.
Note that there are different y-axis scales in Figs. 2A and3. Lhcx1 showed
a more modest response, and Lhcx5 remained at background levels
throughout the experiment. It is clear that the Lhcx genes do not all
respond in the same way to HL stress. The standard Lhcf2 mRNA
dropped 50% within 5 min, reached a minimum at 15 min, and
remained low (data not shown), as would be expected of a typical
light-harvesting gene.
3.4. Effects of high light stress on Lhcx protein expression
To see if steady state protein levels showed the samepattern as gene
expression, we made use of speciﬁc antibodies raised to C-terminal
peptides of Lhcx1 (22 kDa) and Lhcx6 (25 kDa), and an antibody raised
to themajor fucoxanthin chlorophyll a/c proteins (FCPs) ofHeterosigma
akashiwo. The latter does not recognize either Lhcx protein but does
recognize themajor (standard) Lhcfs of 18–19 kDa. Cells cultured under
Fig. 2. Changes inmRNA levels of Lhcx (A) and Lhcf (B) genes in response to shift from LL (40 µmolm−2 s−1) to HL (700 µmolm−2 s−1). Sampleswere taken after 1, 3 and 6 h exposure to
the indicated light intensities. Levels ofmRNA examined by quantitative RT-PCR (qRT-PCR)were normalizedwith respect to that of the actinmRNA. Similar results were obtained from an
independent experiment. For a speciﬁc gene, the error bar represents the standard deviation of its relative expression in duplicate samples. LL: low light; HL: high light.
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(Fig. 4). After 6 h of HL, three aliquots of cell cultures were put back in
the dark for recovery (L6/D4, L6/D7 and L6/D15). For SDS-PAGE, equal
amounts of total protein were loaded in each lane.
The two Lhcx proteins were affected differently by HL (Figs. 4, 5).
Lhcx1 protein was present at the beginning of the light phase (L0), and
increased in both LL and HL after illumination (Fig. 4). After 1 h HL, theFig. 3. Short-term changes in the abundance of Lhcx transcripts in response to the shift
from LL to HL. Experimental details as in Fig. 2, except for the different scale of the y-axis.amount of Lhcx1 had increased approximately 2.5-fold compared to L0
and it changed very little over the next 9 h of the light stress period
(Fig. 5A).Moreover, its level remained high even after the 6 hHL treated
cultures were transferred back to the dark overnight for recovery. In
cultures left under LL, the Lhcx1 protein approximately doubled in the
ﬁrst 2 h but decreased almost to L0 levels over the next 8 h.
The Lhcx6 protein showed a different pattern. It was undetectable at
the beginning of the light phase (L0) butwas induced under both LL and
HLconditions, although the level under LLwasmuch lower (Fig. 4). After
1 h HL, protein levels had increased up to 4-fold and after 10 h HL
approximately 20-fold, in comparison with the LL cultures (Fig. 5B). In
contrast to Lhcx1 protein, Lhcx6 protein decreased to background levels
after the overnight dark period.
The 18 and 19 kDa Lhcf bands were essentially unaffected by HL
(Fig. 5C), in spite of the fact that mRNA levels were strongly reduced
(Fig. 2). Immunoblotting of the PSII reaction center protein D1
showed little reduction at most time points under HL relative to LL,
suggesting that its steady-state levels are not signiﬁcantly affected by
our high light stress conditions.3.5. The development of NPQ within 1 h of high light stress
The development of NPQ during short term (1 h) HL stress was
studied using high light (700 µmol photons m−2 s−1) provided by the
actinic light source of the PAM ﬂuorometer. The induction of NPQ
occurred very rapidly with biphasic kinetics (Fig. 6). There was an
abrupt rise in NPQ within one minute, followed by a gradual and
continuous increase up to the end of the experiment at 60 min.
Fig. 4. Immunoblot analysis of Lhcx1, Lhcx6, Lhcf and D1 proteins in response to shift from LL to HL for up to 10 h. Three aliquots of 6 h HL treated cultures were transferred back to
the dark for different time periods (L6/D4, L6/D7, L6/D15). Time 0 is the beginning of the light period in the growth chamber set on a 12 L/12D cycle. Lanes were loaded on an equal
protein basis (3 µg lane−1 for Lhcx1, Lhcf, D1; 30 µg lane−1 for Lhcx6). Similar results were obtained from an independent experiment.
Fig. 5. Densitometric quantiﬁcations of Lhcx1 (A), Lhcx6 (B), and Lhcf (C) polypeptides during long-term high light treatment, expressed in arbitrary units (a.u.). Light grey bars
represent time 0 before the lights on; white bars stand for LL grown cells; dark grey bars represent HL treated cells; and black bars represent cells put in the dark for recovery after 6 h
HL treatment.
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Fig. 6. NPQdevelopment during 60-min illumination at 700 μmolm−2 s−1 after LL-grown
cells were shifted into HL. Data (±SD) are the average of three measurements.
Table 2
The fraction of qE and qI in the NPQ component after different durations of HL exposure.
Energy-dependent quenching (qE) and photoinhibitory quenching (qI) ratios and the
fractions of recovered maximal ﬂuorescence (Fmr) after short-term HL stress (A) and
after long-term HL stress (B) determined by dark relaxation curves. The dark recovery
time for short-term HL stressed cultures was 60 min, while the dark recovery time for
long-term HL stressed cultures was 75 min.
A
Illumination period qE% qI% qE/qI Recovered Fmr compared
to Fm before HL
5 min 91.0% 9.0% 10.1 93.7%
15 min 89.6% 10.4% 8.6 91.3%
30 min 79.8% 20.2% 4.0 82.4%
60 min 46.6% 53.4% 0.9 59.7%
B
Illumination period qE% qI% qE/qI Recovered Fmr compared
to Fm before HL
HL 1 h 57.0% 43.1% 1.3 64.6%
HL 3 h 37.0% 63.0% 0.6 54.1%
HL 6 h 28.6% 71.4% 0.4 53.2%
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cells were kept in darkness for 60 min and the relaxed ﬂuorescence
(Fmr) was then measured to determine the fraction of qE (energy-
dependent quenching) and qI (photoinhibitory quenching) in the
total NPQ (Fig. 7). The dark recovery data showed fast relaxation of
quenched ﬂuorescence (Table 2A). Generally, the shorter time the
cells were exposed to HL, the faster maximum ﬂuorescence recovered
(Fig. 7). Even after 30 min HL, Fmr recovered more than 80% of its pre-
stress value. These results show that qE is dominant and a major
component of NPQ up to 30 min of HL stress.
3.6. Effect of a longer high light stress ondifferent photosynthetic parameters
To compare with the expression pattern of Lhcx genes and
proteins, changes in various Chl ﬂuorescence parameters such as
NPQ, Fv/Fm, andΦPSII weremeasured after longer termHL exposure in
the same experimental setup used for the expression studies. The
maximum quantum yield of PSII (Fv/Fm) is often used as a general
indicator of cell health. It declined slightly over the day (10%) in
cultures left under LL, but dropped by 24% when cells were exposed to
HL for 3 h and 6 h compared to time 0 (T0) (Fig. 8A).Fig. 7. Dark relaxation kinetics of ﬂuorescence after different periods of HL illumination in
T. pseudonana. The dark bar along the x-axis represents the time during the dark recovery.
Dark recovery kinetics after 5 min HL (closed circles and solid line), 15 min HL (open
circles and dotted line) and 30 min HL (triangles down and medium dashed line) were
measured for 60 min in darkness. For 1 h HL (triangles up and dash-dot-dotted line) and
6 h HL (closed squares and long dashed line), the HL treatment was applied in the
laboratory setup and recoverywasmonitored during 75 min dark in the PAM ﬂuorimeter.
Fm, maximum ﬂuorescence; Fmr, recovered maximum ﬂuorescence in the dark.After 1-h HL exposure, NPQ had reached its maximum value and
did not change over the next 5 h of HL treatment (Fig. 8B). In contrast,
the NPQ value in LL cells was near to zero at each indicated time point.
The operational photochemical efﬁciency (ΦPSII) dropped by 60% after
1 h HL compared to T0, and remained low over the next 5 h of HL, the
exact opposite of NPQ (Fig. 8C). The slow decline of bothΦPSII and Fv/
Fm in cultures remaining under LL could be due to a diurnal
phenomenon, since cells were grown on a 12 h: 12 h light/dark
cycle rather than under continuous illumination.
Dark recovery of Fmr after long-term HL stress (Table 2B) occurred
at a lower rate than after short-term HL treatment. After 1 h HL, Fmr
recovered ∼65% of its prestress value, comparable to 60% when 1 h HL
was applied in the PAM ﬂuorometer (Table 2A) , whereas Fmr
recovered only 50% of its prestress value after 3 and 6 h HL treatment
(Fig. 7). This was mainly due to a decrease in the fraction of the qE
component, which allows fast recovery in darkness. After 3 and 6 h HL
stress, there was more sustained non-photochemical quenching (qI,
Fig. 8B). The increase in qI is roughly parallel to the increase in steady
state levels of Lhcx6 protein during HL exposure.
3.7. Changes of xanthophyll cycle pigments in response to high light stress
The accumulation of diatoxanthin (Dtx) is mandatory for the
generation of NPQ in diatoms [48,49]. In agreement with published
results, we found that no Dtx could be detected under LL conditions,
but within 2 min after the start of HL exposure a signiﬁcant amount
had been formed (Fig. 9). The increase of Dtx was inversely related to
the decrease of diadinoxanthin (Ddx), as expected when there is an
active xanthophyll cycle in operation. There was a slow increase in
Dtx over the next 60 min, which was paralleled by an increase in total
xanthophyll cycle pigments. In contrast, no signiﬁcant changes were
observed in Dtx in LL cultures over the course of the experiment,
indicating that the ΔpH across the thylakoid membrane is unable to
activate the conversion from Ddx to Dtx under such low light
irradiance. There was a linear relationship between Dtx and NPQ for
the ﬁrst 60 min (data not shown).
When LL grown cells were exposed to longer HL stress and
sampled at greater intervals, there was a gradual and continuous
increase in Dtx over the 9 h time course (Fig. 10A). However, this was
not accompanied by a signiﬁcant decline of Ddx. Most of the increase
in the total XC pool under HL can be attributed to an increase in total
Dtx because there was little change in Ddx. This indicates that the
accumulation of Dtx over the longer termmay be attributed to de novo
Fig. 8. Time course of photosynthetic parameters after transition from LL to extended
HL in T. pseudonana. (A) Fv/Fm, (B) NPQ, qI and Lhcx6 protein expression (C)
operational PSII quantum yield. LL, open diamonds and dashed lines; HL, closed
diamonds and solid lines; qI, closed triangles; Lhcx6 protein, open circles. Error bars
indicate SD of three experiments. HL, high light; LL, low light.
Fig. 9. Effect of short-term (1 h) HL exposure on xanthophyll cycle (XC) pigments. Ddx/
Chl a in HL (solid diamonds) and LL (open diamonds) cells; Dtx/Chl a in HL (solid circles)
and LL (open circles) cells. Values are the average of duplicate samples. The error bar
represents the standard deviation in duplicate samples.
Fig. 10. Effect of prolonged HL exposure on xanthophyll cycle (XC) pigments. (A) Ddx/
Chl a in HL (solid diamonds) and LL (open diamonds) cells; Dtx/Chl a in HL (solid
circles) and LL (open circles) cells. The error bar represents the standard deviation in
duplicate samples. (B) De-epoxidation state (DPS) in HL (solid diamonds) and LL (open
diamonds) cells. Values are the average of duplicate samples.
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increase in Dtx (Fig. 10B). Under LL conditions, Dtx remained at very
low levels, and no signiﬁcant changes were observed during the
experiment (Fig. 10A), which is consistent with the unchanged levels
of de-epoxidation state (DPS) (Fig. 10B).Although a linear correlation between total NPQ and Dtx was not
observed in the long-term HL stress experiments (data not shown), a
high level of total NPQwasmaintainedwhile the fraction attributed to
1456 S.-H. Zhu, B.R. Green / Biochimica et Biophysica Acta 1797 (2010) 1449–1457qI increased. These results suggest that Dtx is important for both qE
and qI components of thermal dissipation.
4. Discussion
In the present study we investigated the dynamic changes of Lhcx
transcripts and proteins in the process of high light acclimation after
the transfer of LL-grown T. pseudonana cells to high irradiance. Our
approach was different from previous studies on the diatom Cyclotella
that examined cells which were already acclimated by long-term
growth under high light conditions [38,39,50]. Using qRT-PCR we
were able to demonstrate that transcripts of three of the four Lhcx
genes studied were transiently accumulated upon exposure to HL
stress, although they increased to different extents and decayed at
different rates. The fourth gene (Lhcx5) showed no response to HL in
contrast to fcp12, its closest C. cryptica homolog, which is upregulated
under continuous HL cultivation [38]. It is possible that this gene may
respond to other stress conditions.
While this paper was in review, two papers reporting HL stress-
induced transcriptionof some Lhcxgenes inotherdiatomswerepublished
[58,59]. Microarray analysis of the pennate diatom P. tricornutum showed
sustainedupregulation for over 24 hHLof the two Lhcxgenesmost closely
related to Lhcx1 of T. pseudonana [58]. In the psychrophilic diatom
Chaetoceros neogracile, the Lhcx5 and Lhcx6 homologs both showed
sustained upregulation over 6 h HL, and the Lhcx5 homolog was also
highly upregulated by temperature stress [59]. This contrasts with the
situation in T. pseudonana, where Lhcx5was not upregulated at all and the
upregulation of Lhcx6was transient. These results conﬁrm that thediatom
Lhcx genes are involved in stress responses, and that they respond in a
variety of ways depending on the gene and the species.
The transient accumulation of Lhcx transcripts in T. pseudonana
under high light stress was not accompanied by a similar expression
pattern in the Lhcx1 and Lhcx6 protein levels. The two proteins
responded in a very different way, suggesting that they may have
different roles. Although the Lhcx1 protein was doubled in amount
after 1 h HL exposure, it also accumulated under LL growth conditions
and was sustained during the dark phase regardless of whether the
cells had been HL stressed or not (Fig. 4). Under LL conditions, no NPQ
was induced and there was no conversion of Ddx to Dtx. These results
suggest that Lhcx1 is more likely to have a role in the proper assembly
and stability of thylakoid membranes rather than being directly
involved in HL stress response.
In contrast, the increase of Lhcx6 protein between 1 and 6 h of HL
exposure was accompanied by an increase in Dtx and DPS (Fig. 9). This
suggested that Lhcx6 could be binding Dtx and have some direct role in
the photoprotective process during longer HL treatment. In the centric
diatom Cyclotella meneghiniana, the LI818-like protein Fcp6 is a sub-
stoichiometric component of the trimeric FCPa complexwhich ismainly
composed of subunits encoded by fcp1-3 (standard light harvesting
genes). The isolated FCPa complex binds bothDdx andDtx, but contains
a greater amount of Dtx and Fcp6 proteinwhen isolated fromHL-grown
cultures than from LL-grown cultures [50]. The increased Dtx/Ddx
+Dtx ratiowas accompanied by decreasedﬂuorescence of the complex
[51].
It is particularly interesting that the increase in Lhcx6 protein
approximatelyparallels the increase in qI. This slow-relaxingcomponent
of NPQ is often referred to as “photoinhibitory” quenching, but this does
not necessarily imply any damage to PS II reaction center. In our
experiments, there was no demonstrable decrease in the D1 protein
which suggests that the degradation of D1 is not triggered under the
given light stress conditions. There was a sustained decrease in the
operational photosystem II efﬁciency (ΦPSII) after 1 hHL. Thedecrease in
ΦPSII could reﬂect a number of alternative pathways for energy loss, such
as chlororespiration or electron cycling around PS I [52,53]. Our results
suggest that the accumulation of Dtx is essential for maintaining high
capacity of NPQ under prolonged HL stress. It is possible that both theLhcx6 protein and Dtx are required to maintain qI and prevent further
decrease in ΦPSII.
It is unlikely that the Lhcx1 and Lhcx6 proteins in T. pseudonana
have the same role as the PsbS protein in plants. PsbS protein is more
speciﬁcally associated with qE than qI; it is not increased in tropical
and overwintering evergreen species under high light conditions and/
or severe cold stress, where there are high levels of qI [54–56].
Consistent with this, an Arabidopsis PsbS-deﬁcient mutant is still able
to develop comparable sustained quenching (qI) as in the wild type
during prolonged illumination, although qE is completely absent [57].
In diatoms, most studies of the relationship between NPQ and
photoacclimation or photoprotection have employed relatively short
time periods (within 30 min), during which the rapidly induced and
quickly reversible qE is themajor component of NPQ. However, diatoms
in nature may undergo much longer periods of high light exposure. In
this study, in addition to the short-termHL treatment,we also examined
how diatoms cope with longer periods of excess light. Our data showed
that T. pseudonana cells duringexposure to long-term light stress exhibit
a continued high level of total NPQ accompanied by an increase in the
fraction attributable to qI and de novo synthesis of Dtx. They also show
an increase in accumulation of the Lhcx6 protein, suggesting that the
LI818 homolog Lhcx6 has a role in photoprotection.Acknowledgements
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